We have comprehensively analysed the co-seismic response of the groundwater levels of 280 wells in mainland China that were associated with the Wenchuan earthquake (Mw 7.9) that occurred on 12 May 2008. The observed co-seismic responses can be classified as step-like changes in 138 wells, variations in 69 wells and nonresponses in 73 wells. After a quantitative analysis of spatial distribution, there was no spatially coherent signal found in the step-like changes (positive values indicate a step-like rise, and negative values indicate a step-like fall), even within 300 km of the epicenter. The amplitude and the phase shift of the M 2 -wave were compared between the pre-and post-earthquake conditions. The phase was forward and was concentrated at 0:23p $ 0:4p, regardless of the proximity of wells to the epicenter; however, the change in amplitude randomly increased or decreased. By computing the post-seismic groundwater recession, the characteristic times of the aquifers were s 2 ðÀ3:3 Â 10 6 ; 1:8 Â 10 6 Þ. We concluded that by assuming a first-order approximation, i.e. a one-dimensional aquifer, the causal mechanism of the co-seismic response of the groundwater level was that the seismic waves enhanced rock permeability by clearing the facture-filling materials. The shapes of the co-seismic responses were determined by the well-aquifer system and the proximity of the wells to recharge or discharge areas (x=L). The water level rose if the well was closer to the recharge area, the water level decline if the well was closer to the discharge area, and the water level oscillated if the well was farther from the recharge or discharge areas when the seismic wave was transmitted. The water level remained unchanged if the well did not penetrate any confined aquifer.
Introduction
The response of groundwater levels to earthquakes (including the co-seismic response and the post-seismic adjustments) is an important topic to help seismologists and hydrogeologists understand earthquake processes and focal mechanisms. As early as 1935, Blanchard and Byerly (1935) developed an instrument (known as a phreatic seismograph) that was sensitive enough to record water level fluctuations and records the dilatational components of seismic waves. Since then, digital and automatic instrumental records of water level changes during earthquakes have become available, and significant achievements have been obtained in terms of quantitative analyses (Cooper et al. 1965; Roeloffs 1998; Wang and Manga 2010) . With an abundance of observational data, the co-and post-seismic changes in the water levels of wells have been reported and are among the most widely documented earthquake-induced hydrologic phenomena (Wang and Manga 2010) ; for example, the changes in groundwater and the mechanisms associated with earthquakes have been studied in the U.S. (Rojstaczer and Wolf 1992; Peltzer et al. 1996) , Japan (Wakita 1975; Akita and Matsumoto 2004; Itaba et al. 2008) , India (Ramana et al. 2007; Radhakrishnan et al. 2010) , Europe (Grecksch et al. 1999) , and China (Lee et al. 2002 Zheng et al. 2012; Shi et al. 2013; Sun et al. 2015; He et al. 2016 He et al. , 2017a He et al. , 2017b . There are four possible causal mechanisms that we have summarized from existing studies. First, seismic shaking causes sediments to consolidate or dilate under undrained conditions Wang and Chia 2008) . According to the consolidation hypothesis, the water level will decrease or increase within the near field, and this change depends on the magnitude between the shear strain caused by seismic shaking and the critical threshold (10 À4 ) (Dobry et al. 1982; Vucetic 1994; Wang et al. 2001 ).
However, the water level will increase in intermediate fields when seismic wave energy exceeds the amount of dissipated energy required to cause undrained consolidation (Yoshimi and Oh-Oka 1975; Dobry et al. 1982; Vucetic 1994; Hsu and Vucetic 2004; Lai et al. 2004; Wang and Manga 2010) . Second, there is the dislocation model of seismic faults (King et al. 1999; Lee et al. 2002) , which indicates that the strain predicted by the dislocation model is in good quantitative agreement with the strain inferred from the water level changes around the epicenter (Quilty and Roeloffs 1997) . Lee et al. (2002) found a similar pattern by using the 178 auto-recording monitoring wells associated with the 1999 Chichi earthquake. In some cases, however, such a model can be contradicted by observations Koizumi et al. 2004) . The third causal mechanism is the static strain hypothesis, which states that the co-seismic water level changes can be explained by the co-seismic static strain and the change in pore pressure predicted by the poroelastic theory (Wakita 1975; Merifield and Lamar 1984; Roeloffs 1996; Ge and Stover 2000; Jonsson et al. 2003; Wang and Manga 2010) . That is, the water level will rise in contraction zones and fall in regions of dilation (Wang and Manga 2010) . Itaba et al. (2008) computed that the sensitivity of the groundwater level to the crustal volumetric strain ranges from a few centimeters to 10 À8 strain. However, there is some evidence Wang and Manga 2010) that contradicts this hypothesis. The fourth causal mechanism is that rock permeability is enhanced (Piombo et al. 2005; Elkhoury et al. 2006; Rojstaczer and Wolf 1992; Geballe et al. 2011; Shi et al. 2013; Sun et al. 2015; Xue et al. 2016 ) through the consolidation of surficial deposits, the fracturing of solid rocks, the clogging and unclogging associated with aquifer deformation (Shi and Wang 2016) , and the clearing of fracture-filling material (Montgomery and Manga 2003) ; this fracture-filling material acts as a temporary barrier that is deposited and entrained by groundwater flow, but it can be removed by the more rapid water flow (Brodsky et al. 2003) during an earthquake. The pore pressure near a local pressure source will be redistributed as the permeability increases, and this can lead to changes in water level (Brodsky et al. 2003; Matsumoto et al. 2003; Wang and Chia 2008) . In addition, there are some sporadic, recognizable, and consistent patterns related to the response of groundwater to earthquakes (Gulley et al. 2013 ), e.g. the linear elastic model (Grecksch et al. 1999 ) and the decrease in fluid flow velocity (Nur and Booker 1972) . It can clearly be seen that investigating the causal mechanisms of the co-seismic water level response requires an abundance of observational data and a variety of analytical methods; for example, a single well may respond to many earthquakes (Roeloffs 1998; Brodsky et al. 2003; Matsumoto et al. 2003; Zhang et al. 2015) , or many wells may respond to a single earthquake (Wang et al. , 2004 Roeloffs et al. 2003; Chia et al. 2001; Ma and Huang 2017) . As a result, the three categories (i.e. near field, intermediate field and far field) (Roeloffs 1998) were determined by the distance between the well and the epicenter. This supporting research resulted from many wells that responded to a single earthquake, and these wells were mainly located in the intermediate field; in fact, almost no wells were located within the near field. The Wenchuan earthquake (epicenter E 103.42, N 31.02), was located 80 km westnorthwest of Chengdu, the provincial capital, and had a focal depth of 14 km. The earthquake occurred along the Longmenshan fault, a thrust structure along the border of the Indo-Australian plate and the Eurasian plate. The focal mechanism solution was based on Beichuan; additionally, the southwest section of the fault zone was dominated by the reverse thrust and dextral slip, and the northeast section was mainly dominated by slipping. The P-axes, measured along the Beichuan fault, showed a dominant distribution in the directions of NW/W-SE/E and NE/E-SW/W (Cui et al. 2011) ; additionally, the maximum vertical and horizontal offsets were 6.5 and 4.9 m, respectively, and the maximum vertical offset was 3.5 m (Xu et al. 2009 ). According to the China earthquake administration (CEA), the energy source of the Wenchuan earthquake and the southeast push of the Longmenshan fault was due to the strike and northward push of the Indian plate onto the Eurasian plate. The inter-plate relative motion caused largescale structural deformations within the Asian continent; in fact, these deformations resulted in the thinning of the crust of the Qinghai-Tibet Plateau, the uplifting of the landscape and the eastward extrusion. Near the Sichuan basin, the Qinghai-Tibet Plateau's east-northward movement meets with strong resistance from the South China Block, causing a high degree of stress accumulation in the Longmenshan thrust formation. This finally caused a sudden dislocation in the Yingxiu-Beichuan fracture, leading to a violent earthquake of Mw 7.9 (Liu et al. 2012 ).
Observations
The monitoring of the groundwater level in mainland China started in the late 1970s in an attempt to identify early earthquake warning signals. Here, we have analysed the observed water levels from 280 water wells associated with the Wenchaun earthquake. Based on the spatial distribution of these wells (Figure 1 ), we determined that the well density in mainland China is only approximately 0.292 wells per ten thousand square kilometres, and the wells are mainly located to the lower right of the black dotted line shown in Figure 1 and are concentrated around the capital region (see the inset of Figure 1 ). In contrast, wells are rarely located to the upper left of the black dotted line shown in Figure 1 ; furthermore, there are almost no wells observed in the Tibet Plateau or its border, which are active earthquake regions (Molnar and Lyon-Caent 1989; Chan et al. 2017) . The depths of these observed wells range from approximately 100-1000 m. The observed aquifers of these wells are mostly bedrock fissures or confined carbonate (karst), and most of their roofs are higher than 100 m. In addition, most of the observed aquifers are aquiclude and are well confined.
The observation wells ( Figure 1 ) are mainly distributed in the lower right corner, to the right of the black dashed line, while the Qinghai-Tibet Plateau and its margins have only a few wells though there is strong seismic activity in the region. The inset diagram shows the capital region with the maximum density of wells. The yellow rhombuses indicate the step-like (including step-like rise and step-like fall) changes in water level, the red triangles indicate the oscillatory changes in water level, and the blue circles represent no changes in water level at the time when the Wenchuan earthquake occurred. The red pentagram shows the epicenter of the Wenchuan earthquake, which is located on the edge of the Qinghai-Tibet Plateau. The stations mentioned in this paper are shown and labelled with the station name.
Groundwater level monitoring is implemented using two types of instruments. The first instrument is an analogue water level recorder that provides a continuous curve; with this instrument, the observer reads 24-hour data daily. The second instrument is a digital piezometer, and data are logged in 1-min intervals. These instruments have an accuracy of 1 cm and a resolution of 1 mm. Obviously, these instruments cannot record hydroseismograms (He et al. 2017a ) since the periods of hydroseismograms range from several seconds to tens of seconds. In this article, we do not pay attention to the hydroseismograms process; instead, we have only considered co-seismic and post-seismic events.
There are two types of groundwater level observation wells in mainland China. The first type is the non-artesian well, and the second type is the flowing artesian well (Figure 2 ). For the non-artesian well, the water level is defined as the distance from the water surface of the borehole to the well head (Figure 2a ). In contrast, for the artesian well, the water flow is controlled by a control valve that maintains the water surface within a certain range (i.e. the water surface remains at the axis of the control valve if the flow discharge is too high, or the water will be output from the well head and the water surface remains at the well head if the flow discharge is too low). The water level is defined as the distance between the well water surface and the axis of the valve (Figure 2b ).
Methods

Eliminating of disturbance components
The water level dynamic can often be expressed as (Matsumoto 1992; Matsumoto et al. 2003; He et al. 2016 ):
where y n is the observed water level value, x n is the final water level value (and includes rainfall and earthquake activities), P n is associated with the atmospheric pressure, T n is the earth tidal effect, and e n is the measurement noise. e n is assumed as the Gauss white noise, of which the average is zero with a variance r 2 . In this paper, we used the partial least squares (PLS) method to remove the earth tidal and atmospheric pressure effects on water level (He et al. 2016) .
The T n and P n data expressed in Equation (1) can be expressed as Equation (2):
where k t is the earth tidal response coefficient, t n is the theoretical value of the volumetric tidal strain, k p is the atmospheric pressure response coefficient, p n is the observed atmospheric pressure value, b t and b p are constants.
First, it is necessary to select a data observational period (! 30days) that is free from anthropogenic disturbances and seismic actives to compute the effect factors. Second, the significant error data must be removed (e.g. the single jump point), the missing data must be complemented by cubic polynomial interpolation, and the linear trend must be removed (Figure 3a) . Third, the earth tidal effect must be eliminated, and the tidal factor, k t , must be calculated by PLS (Figure 3b) . Fourth, the atmospheric pressure effect must be removed, and the air pressure factor, k p , must be calculated by PLS (Figure 3c ). In fact, we need to simultaneously remove the tidal and air pressure effects (i.e. combine the third and the fourth steps) because the atmospheric pressure often includes the tidal influence. After the above steps are complete, we can determine the 'pure' water level fluctuations (Figure 3d ) and the effect factors (Kt, Kp) for the subsequent calculation.
Using the above factors (Kt, Kp), the disturbance components of the water level can be eliminated, and the type of co-seismic response, i.e. step-like change (includes step-like rise (Figure 3e ) and step-like fall (Figure 3f) ), oscillation (Figure 3g) , and no response, can be identified. To search for any potential spatially coherent signals, we quantitatively analyzed the step-like changes, in which a positive result indicated a step-like rise and a negative result indicated a step-like fall. Figure 3 . Eliminating disturbance components.
We have eliminated disturbances following steps: a.
Step 1: select the original observation data and plot the trend line. In this paper, we selected the WaFangDian station for illustrating this calculation. b.
Step 2: after removing the linear trend, we can clearly see the tidal effect on the water level (red line -water level; blue line -earth tide), and we can use PLS to remove the tidal component. c.
Step 3: after removing the tidal effect, we can clearly see the atmospheric pressure effect on the water level (red line -water level; blue line -atmospheric pressure), and we can use PLS to remove the air pressure component. d.
Step 4: we obtain the final water level and the effect factors (Kt, Kp). In fact, we need to simultaneously remove the tidal and air pressure effects (by combining the third and the fourth steps) because the atmospheric pressure often includes the tidal influence. e. The step-like co-seismic change (i.e. a step-like rise) is shown at the WaFangDian station (station code: 21039). The term 'þ0.505 m' indicates the water level step-rise was 0.505 m when the Wenchuan earthquake occurred. f. The step-like co-seismic change (i.e. a step-like fall) is shown at the ZuoJiaZhuang station (station code: 03004). The term 'À1.85 m' indicates the water level step-fell by 1.85 m when the Wenchuan earthquake occurred. g. The oscillation is shown at the XinZhouS02 station (station code: 32005). The amplitude of oscillation is distorted because the sampling rate ranges from less than several seconds to more than tens of seconds, which is based on the period of hydroseismograms.
Comparison of tidal parameters between pre-and post-seismic conditions
Short-period earth tides (Table 1 ) mainly include semi-diurnal waves (M 2 , S 2 , N 2 , K 2 ) and diurnal waves (K 1 , O 1 , P 1 ) (Wallima 2007) . In this paper, we consider only the M 2 wave to quantitatively calculate the change in amplitude and the phase shift (Bredehoeft 1967; Carr and Van Der Kamp 1969; Bower and Heaton 1978) . We adopted the t_tide toolbox, which was provided by Pawlowicz et al. (2002) , to compute the amplitude and the phase of the M 2 wave, and we used Equation 3 to compute the change ratio of the amplitude:
where r is the change ratio of the amplitude, and A po and A pr are the amplitudes before and after the Wenchuan earthquake, respectively. We selected the observation data from 12 April to 11 May, 2008 as pre-seismic data and from 12 May to 11 June, 2008 as post-seismic data for calculations. 
Here, h is the post-seismic water level residual, a and b are obtained by linear fitting of the post-seismic water level with time, and the negative sign in front of b indicates that b is a positive number itself. The terms b and c (the base flow recession constant) are physically equivalent, and the characteristic time is:
Using PingLiang station as an example, we can calculate the recession constant and the characteristic time by the least squares fit (Figure 4) , and the coefficient of determination (R 2 ) is 0.987.
Results and analysis
The spatial characteristic of the co-seismic response
There were 280 wells to analyse, including 138 wells (49%) with step-like changes, 69 wells (25%) with oscillations and 73 wells (26%) with no response. The spatial quantifications of step-like changes are shown in Figure 5 . Red means step-like rises, and blue represents step-like decline in water level when the Wenchuan earthquake occurred; additionally, the shade of the colour represents the change in amplitude (see the colour band). The red pentagram is the epicenter, and the ball is the focal mechanism solution of the Wenchuan earthquake. The inset displays the epicenter region, and the black line is the Wenchuan-MaoWen fault. No spatially coherent signal was found-even around the epicenter-through the spatial interpolation analysis. We did not analyse the spatial characteristics in western China because this area has only a few observation wells.
Spatial interpolation analysis was carried out, except in region with few wells (e.g. western China) ( Figure 5 ). The randomness of the step-like change is seen clearly, and no spatially coherent signal was found, even around the epicenter.
In addition, the relationship between amplitude and well-epicenter distance is shown in Figure 6 . There were only two wells within 200 km of the epicenter, and all other wells belonged to the intermediate field. The step-like changes were strongly random when the epicenter distance was less than 1800 km, but almost all values were positive when the distance was greater than 1800 km; this characteristic was either independent or needs more data to confirm. The amplitudes of the step-like changes were mainly distributed between À0.5 m and 0.5 m, but this range did not depict a completely normal distribution.
The changes in tidal parameters between pre-and post-seismic conditions
The phase shifts in the water level response to the tidal strain (M 2 wave) of post-seismic conditions always occur before seismic conditions (Elkhoury et al. 2006) , but the changes in amplitude (M 2 wave) were random (Figure 7 ). In addition, the phase shifts were concentrated at 0:23p $ 0:4p (i.e. the pink frame in Figure 7) , regardless of the epicenter distance. The tidal effect disappeared in a few wells (e.g. the QiXian well) due to the Wenchuan earthquake. 
The results of post-seismic groundwater recession
Some recession constants (b) and characteristic times (s), which were calculated by Equation 4, are shown in Table 2 .
Theoretical analysis and discussion
In mainland China, most observation wells are equipped with casing that is 70 $ 100m from the ground surface, and wells have an impermeable grout seal around the casing (a) (b) Figure 6 . The relationship between amplitude and well-epicenter distance (a) In terms of the yaxis (amplitude), a positive value is a step-like rise, and a negative value is a step-like fall. The blue dotted line marks 1800 km of epicentral distance. The distribution of positive or negative is random when the well-epicenter distance was less than 1800 km, but almost all values were positive when the distance was greater than 1800 km. (b) The probability distribution is shown. The amplitude of step-like changes was mainly within [À0.5 m to 0.5 m]. that can prevent the interference of surface water. In general, the water level in a well is mainly determined by the main-confined aquifer, although the observation well may penetrate many aquifers due to permeability or thickness. Therefore, we can simplify the well-aquifer system to a one-aquifer model and ignore the non-dominant aquifers.
Here, we adopted a first-order approximation, i.e. a one-dimensional aquifer model (Figure 8 ), which was provided by Wang and Manga (2010) . We assumed the length of the aquifer was L, the characteristic time was s (computed from the recession analysis), and the water head was h (Figure 8 ). The boundaries were a local water divide (recharge) located at x ¼ 0, and a local discharge was located at x ¼ L. The boundary conditions were h ¼ 0 at the local discharge (x ¼ L), and the gradient of the water head was zero at the local water divide (x ¼ 0). The water head at x against time t can be calculated as:
where A 0 is the amount of earthquake-induced recharge to the aquifer per unit volume, S s is the specific storage, and x=L indicates the observation well situation at the aquifer. Using this single-aquifer model, Wang et al. (2004) compared the predictions (color curves in Figure 9 ) using Equation 6 and the observation data (i.e. the black dots in Figure 9 ) at the Yuanlin I well, and x=L ¼ 0:5 was considered an excellent fit; this represents the observation well in the middle of the aquifer.
Black dots show data points. Model prediction of post-seismic changes in h are shown by the coloured curves for several values of x/L. An excellent fit between the data and the curve occurs at x/L ¼ 0.5.
Meanwhile, we conclude that the smaller x=L values have a smaller radian of the prediction curve, and the larger x=L values have a larger radian of the prediction curve. In fact, the radian implicates the recharge or discharge ability of the observation well through the aquifer, i.e. a smaller radian means stronger recharge ability from the water divide (recharge area) to the observation well through the aquifer, and a larger radian indicates stronger discharge ability from the observation well to the discharge area (river, stream, reservoir, etc.) through the aquifer. These different abilities (i.e. recharge or discharge) will play a dominant role in the co-seismic response of water levels in the observation wells.
According to the Darcy's Law:
where Q is the total discharge (m 3 =d), K is the hydraulic conductivity (m=d), A is the cross-sectional area to flow (m 2 ), H1ÀH2 is the hydraulic head drop (m), L is the length over which the head drop is taking place (m), and I is the hydraulic gradient.
The seismic waves enhanced the permeability (k; K ¼ qg u k) by removing precipitates and colloidal particles from clogged fractures, which caused the total discharge, Figure 9 . Comparing the prediction by Equation 6 and the observation data at the Yuanlin I well (Wang et al. 2004 ).
Q; to increase. Meanwhile, the water must overcome the friction between the water and the 'tube wall' as well as the water particles of different velocities when it flows in the gaps of the aquifer. The friction will increase with the increase in groundwater flow velocity and consume the mechanical energy of the water flow. The effect of the increase in permeability will be neutralized with the friction if the flow-path is of sufficient length.
The radian of the prediction curve of the post-seismic adjustment (Figure 9 ) will be smaller when the observation well is closer to the recharge area and farther from the discharge area. In other words, the recharge ability between the observation well and the recharge area will significantly improve as the permeability is enhanced, which is induced by the seismic wave. However, the discharge ability between the observation well and the discharge area will be almost maintained at the pre-seismic level because the friction neutralizes the increase in permeability. As a result, the excess water will be stored around the observation well and will induce a step-like rise when the seismic waves arrive.
The seismic waves enhance the permeability, which means that the water from the local water source (recharge area) will be transmitted to the observation well easier if the observation well is closer to the recharge area and farther away from the discharge area (Figure 10) . Meanwhile, the transmission capability between the well and the discharge area almost remain at the original (pre-seismic) level because the friction neutralizes the increase in permeability due to the long seepage flow-path. Obviously, the excess recharge will be stored around the observation wells for a period of time (hours, days, or even months) Ogawa and Heki 2007; Cox et al. 2012) . In this case, the co-seismic response of water level will show the 'step-like rise' and may maintain the rise or the recovery of the post-seismic adjustment (Sil and Freymueller 2006) ; this is determined by the distance between the well and the discharge area. There is a special case, i.e. the QiongLai well, which is located in Sichuan Province with a distance to the epicenter of the Wenchuan earthquake of approximately 267 km; this well was a flowing artesian well before 2007 Figure 10 . The step-like co-seismic changes determined by the proximity of wells to recharge or discharge areas.
and become a non-flow well. However, the QiongLai well resumed flow after the Wenchuan earthquake.
In contrast, the observation well will undergo excessive discharge but will maintain its original recharge through increases in permeability if the observation well is closer to the discharge area and farther away from the recharge area. In this case, the coseismic response of water level will show the 'step-like' fall and may maintain the falling or the recovery of the post-seismic adjustment.
The discharge or recharge capability of an observation well will not be affected when the observation well is farther away from the recharge area and the discharge area, even if the seismic waves enhance permeability. In this case, the water level will oscillate as the groundwater flows in and out of the aquifer when the seismic waves arrive (Cooper et al. 1965; Liu et al. 1989; Kitagawa et al. 2006) . Of course, the water level will remain constant if the observation well does not penetrate any confined aquifer, even in the presence of strong ground shaking.
These conclusions are consistent with the calculation results of a one-dimensional aquifer model (Equation 6), the post-seismic phase shifts of the M 2 wave, and the similar morphological change in water level associated with multiple earthquakes in the one observation well (Yang 2004; Weingarten and Ge 2014; Lai et al. 2016) .
